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Polyols are being used in a wide range of industrial applications including surfactants and
precursors for grafted polymers. The characterization of polyols is of significance in correlating
compositions and structures with their properties. We illustrate two real world examples
where traditional analytical methods including GPC and NMR failed to reveal compositional
differences, but the combination of matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF), electrospray ionization mass spectrometry (ESI MS), and MS/MS can produce
compositional information required for problem solving. The first example involves failure
analysis of four ethylene oxide and propylene oxide (EO/PO) copolymer products. The results
from the mass spectrometry analysis unequivocally demonstrate that one of the samples has
a small variation in copolymer composition, leading to its abnormal activity. The second
example is in the area of deformulation of complex polyol mixtures. Two samples displaying
similar properties and activities were found to be two different polyol blends. One of the
samples is a more cost-effective product. These examples demonstrate that MALDI, ESI MS,
and MS/MS should be seriously considered as an integrated component of an overall polyol
characterization program in product failure analysis and deformulation. (J Am Soc Mass
Spectrom 2001, 12, 55–60) © 2001 American Society for Mass Spectrometry
Surfactants such as alkyl polyethers, polyethyleneglycol (PEG) esters, and ethylene oxide (EO)/propylene oxide (PO) copolymers are commonly
used in industrial defoaming and antifoaming applica-
tions. These defoamers and antifoam products are often
chemically very complex, with effectiveness and activ-
ity depending on their water dispersibility, hydrophilic
lipophilic balance (HLB), microstructure, and overall
polymer composition. Complete characterization of
these materials can be very challenging. Traditional
analytical techniques, such as IR, NMR, gel permeation
chromatography (GPC), and GC/MS, can provide some
structural and compositional information, including the
determination of functional groups, average number of
moles of ethoxylation and average molecular weights of
the polymeric materials. However, analytical data ob-
tained from these methods may not be sufficient for
problem solving or deformulation of complex polyol
samples.
Mass spectrometry, particularly matrix-assisted laser
desorption/ionization (MALDI) and electrospray ion-
ization mass spectrometry (ESI MS), can be used to
analyze polyol samples with relative ease. Polyols are
widely used as a model system for MALDI and ESI
mass spectrometric method development [1–24].
MALDI or ESI MS has been demonstrated to be useful
in analyzing targeted polyol products [25, 26], monitor-
ing polymer synthesis [27–32], characterizing thermal
degradation behaviors [33, 34], and qualitative and
quantitative analysis of polyol surfactants in environ-
mental samples or consumer products [35–42]. In the
polymer industry, product failure analysis and defor-
mulation of complex polymer mixtures represent two of
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the major analytical challenges. The failure of a batch of
product from a product line may be caused by a
number of variables including contamination or devia-
tion from proper processing during manufacturing. In
many cases, fast turnaround time for analyses makes
the difference between either shipping the product or
shutting down the manufacturing lines. Product defor-
mulation involves comparative analysis of unknown
products displaying the same or very similar activities.
Depending on the level of information sought, the
requirement of analyses for deformulation can be dif-
ferent. Complete deformulation often consists of sepa-
rating an unknown product into its constituent compo-
nents and then identifying each one. Direct laser
desorption/ionization Fourier transform mass spectro-
metry has been used to analyze different known formu-
lations of polyol mixtures [43]. To our knowledge, there
is no literature report on ESI or MALDI applications in
the areas of product failure analysis and deformulation.
The purpose of this paper is to illustrate two real
world examples that have greatly benefited from the
utility of mass spectrometric methods based on MALDI,
ESI, and MS/MS. We demonstrate that MALDI and ESI
MS are complementary to each other in analyzing
complex polyol samples and that both techniques
should be considered in a polyol analysis program. In
conjunction with traditional analytical methods, they
can accomplish a more thorough characterization of
low molecular weight polyols and their mixtures. Be-
cause characterization of functional polyols is such an
important activity in industry, we hope that consider-
ations of several technical and data interpretation issues
brought about by this work will be useful to others
tackling similar real world samples.
Experimental
Materials and Reagents
All-trans retinoic acid was purchased from Aldrich
Chemical (Milwaukee, WI). Tetrahydrofuran (THF) and
acetonitrile (glass distilled, HPLC grade) were pur-
chased from EM Science (Gibbstown, NJ). HPLC grade
methanol and ethanol were obtained from Sigma (Mil-
waukee, WI). Sodium chloride and silver nitrate were
from Fisher (Mississauga, Ontario). Distilled water was
from a Milli-Q UV plus ultrapure system (Millipore,
Mississauga, ON). Polyols and polyol mixtures were
from Nalco Chemical (Naperville, Illinois). All reagents
and samples were used without further purification.
Instrumentation
Gel permeation chromatography (GPC) analysis was
performed with mStyragel columns with THF mobile
phase. Weight average molecular weight (Mw) and
polydispersity of the polymers were determined using
polystyrene standards (Polysciences, Warrington, PA).
13C NMR spectra of the polymers were obtained with a
Varian Unitylnova 300 spectrometer. Weight percent-
ages of EO and hydroxyl equivalents were determined
from the NMR data. IR spectra were obtained using a
Nicolet 710 FTIR Spectrometer. GC-MS analysis was
performed on an HP 5973 MSD system or on an Extrel
400 GC/LC/MS system. Sample inorganic contents
were determined by ICP analysis using a Thermo Jarrell
Ash ICP 9000 system.
MALDI-TOFMS spectra were obtained using a
home-built time-lag focusing linear TOF mass spec-
trometer at the University of Alberta [44]. A 0.15 M
all-trans retinoic acid THF solution was used as the
matrix. All spectra were the results of signal averaging
of 100 to 200 laser shots. The instrument was calibrated
externally using a peptide mixture containing bradyki-
nin and insulin chain B.
ESI MSn experiments were carried out on an Agi-
lent/Bruker Esquire-LC Ion Trap LC/MSn system.
Samples were diluted with a 1:1 volume ratio of meth-
anol/water mixture with the addition of salt solutions
to the appropriate concentration, and infused into the
electrospray interface by a syringe pump (Cole-Parmer
Instrument, IL) at a flow rate of 10 mL/min.
All data were reprocessed using the Igor Pro Soft-
ware package (WaveMetrics, Lake Oswego, OR) and no
background subtraction was performed.
Results and Discussion
Characterization of EO/PO Copolymers
EO/PO copolymers are used as surfactants in various
products. Four copolymer samples with similar bulk
properties in this study were obtained from various
suppliers. The results obtained from traditional analy-
sis, including IR, NMR, GPC, and ICP, are summarized
in Table 1. The molecular weights of all four samples
determined by GPC range between 2200 and 2400 Da
with narrow polydispersity (Mw/Mn 5 1.1). NMR
data also show similar EO/PO ratios for all samples.
Despite the similarity in properties measured by the
traditional methods, sample C shows different activity,
water dispersibility, and stability. This indicates that
there are possible structural or compositional differ-
ences among these samples. The high K1 content in
sample C detected by ICP cannot be the cause of the
activity differences, since the presence or absence of K1
does not affect the polyol activity.
Figure 1 shows the MALDI-TOF MS spectra of the
four polyols. There are four main distributions in each
spectrum, representing different PO and EO composi-
tions. All peaks are from PO/EO copolymers initiated
with the CH2¢CH–CH2O– group. The general formula
confirmed by NMR and IR (see Table 1) is as follows:
CH2¢CH–CH2O–[CH2–CH(CH3)–O]n
–[CH2–CH2–O]m–H
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Noting that all peaks are Na1 adduct peaks, copolymer
masses can therefore be calculated using the equation
M 5 44.05m 1 58.08n 1 81.11 ~average mass!
Where n and m correspond to the PO and EO numbers
in the structural formula, respectively. The calculation
indicates that the major distributions (i.e., masses from
;1300 to 3000) of the four copolymers are composed of
10 to 13 units of EO and 14 to 42 units of PO. From the
analysis, it can be postulated that these EO/PO copol-
ymers were likely produced by first polymerizing EO to
form predominately four EO homopolymers with the
number of repeating units ranging from 10 to 13. These
species were then copolymerized with PO to form the
copolymers. Differences in the distribution of EO oli-
gomers can lead to the differences in the relative
amounts of the four distributions present in the final
samples (see below).
Figure 2 shows an expanded plot of the mass spectral
region from m/z 1660 to 1980 for all four samples. The
mole number of EO in the four distributions in these
four samples ranges from 10 to 13, with PO repeating
units ranging from 19 to 25 (see n, m values correspond-
ing to each peak shown in Figure 2). The relative
amounts of the four adjacent distributions (between
every 58 mass units) are the same for samples A, B, and
D, but clearly different for sample C. For example, the
intensity of the mass peak labeled as (20 PO, 10 EO) in
sample C is about twice that of the other three samples.
MALDI-TOF MS results reveal that the composition of
sample C is slightly different from the others, suggest-
ing that key differences in copolymer production, per-
haps, are due to process variations that result in a
higher 10 EO content in sample C. This small composi-
tional variation could not be detected by traditional
analytical techniques within the experimental errors,
but causes significant differences in the polymer’s water
dispersibility and activity. Although MALDI-TOF is not
quantitative in compositional analysis, this example
Table 1. Traditional analytical testing results of the EO/PO copolymers
Test method Sample A Sample B Sample C Sample D
Water Dispersibility Settles out Settles out Stable dispersion Settles out
ID by NMR, IR EO/PO EO/PO EO/PO EO/PO
wt. % EO 9.2 9.0 9.5 8.9
Hydroxyl equivalent 990 990 1060 1050
GPC (Mw) 2200 2200 2400 2400
Polydispersity 1.1 1.1 1.1 1.1
ICP analysis 39 ppm Ca21 37 ppm Ca21 860 ppm K1 44 ppm Ca21
Sp. Gravity@15.6 °C 1.013 1.013 1.012 1.014
Figure 1. MALDI-TOF mass spectra of four batches of EO/PO
polymers. Figure 2. Expanded MALDI-TOF mass spectra from Figure 1.
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clearly demonstrates that it is a very useful technique to
detect subtle variations among similar samples.
It should be noted that the spectra shown in Figure 2
were obtained with a linear TOF mass spectrometer.
With a reflectron TOF instrument, isotope resolution
should be expected, which would provide more infor-
mation on the copolymer composition. Specifically, it
should facilitate the detection of any minor components
that have similar masses as those of the main compo-
nent. For example, the peak labeled as (20,10) was
assigned to the copolymer with 20 PO and 10 EO units
by mass analysis (1683.2 Da). However, if the sample
also contains a small amount of the copolymer with 23
PO and 6 EO (calculated mass 1681.25 Da), the ion
peaks from this minor component will partially overlap
with those of the main component, resulting in a
broader peak. Peak broadening from the contribution of
a minor component may not be readily revealed by a
low-resolution spectrum such as that shown in Figure 2.
But a high-resolution spectrum should be able to reveal
the presence of the partially overlapped minor compo-
nent by examining the isotope pattern(s) of the individ-
ual peak cluster.
Analysis of Polyol Mixture
Surface-active agents such as alkoxylated materials are
generally formulated as mixtures of low molecular
weight components to obtain desired activity and effec-
tiveness in certain applications. Positive identification/
differentiation of these materials is of importance for
batch-to-batch quality control, deformulation of un-
known products, and optimizing cost/performance ra-
tio.
Two defoamers used in this study, samples E and F,
are nominally the same product and display similar
activity. However, the bulk appearance of these two
materials is quite different, brownish vs. reddish in
color. Examination of these two samples using tradi-
tional analytical techniques found no differences. Both
samples are suspected to be EO/PO block copolymers.
NMR analysis indicates that both samples contain
about 53 wt % EO and tall oil fatty acid (i.e., oleic acid
and linoleic acid mixture). GPC determines that the
average molecular weight of both samples is about 350.
No useful MALDI results were obtained. Problems with
MALDI analysis of low molecular weight polyols in-
clude the overlapping of the analyte and matrix peaks,
severe signal suppression by abundant matrix and
possible sample loss under high vacuum prior to de-
sorption/ionization. For these two samples, MALDI
spectra display only matrix background peaks.
We resort to the use of ESI MS for this application.
With the use of solvents such as water and methanol,
ESI should produce mass spectra free of matrix peaks
commonly found in MALDI. In addition, unlike
MALDI, solution phase separation techniques can be
readily combined with ESI [5]. Compared to traditional
mass spectrometry methods such as chemical ionization
(CI) mass spectrometry, higher molecular weight poly-
ols can be analyzed by ESI MS [20]. ESI MS and MS/MS
can also provide an alternative means of analyzing low
mass polyols, as shown below.
Figure 3 shows the ESI MS spectra of sample E with
different sample treatments. Figure 3A is the most
complex spectrum among three and contains more
peaks than the other two. Several series of EO and PO
are shown. After the addition of NaCl, a much cleaner
spectrum with a higher S/N ratio is generated (see
Figure 3B). Moreover, a PO oligomer distribution in the
mass region of 600–1000 Da, which is not found in
Figure 3A, can be seen. The presence of high salt
contents in the original sample can account for the
observation. Sodium and potassium salts are the most
common contaminants. They possibly originate from
the manufacturing process and/or sample preparation
process. A comparison between Figure 3A and Figure
3B reveals that several pairs of peaks spaced 16 Da apart
(i.e., 405 and 421, 493 and 509, etc.) have the same
chemical origins, but different metal ion attachments
(i.e., Na1 vs. K1). Failure to realize this will overcount
the species present and lead to incorrect compositional
information. The results from the addition of silver salt
(Figure 3C) confirm the above interpretation. In order to
comprehensively recognize all the species in an un-
known industrial sample, it is our experience that the
addition of at least two types of cation is necessary. This
practice has been commonly used in polymer mass
spectrometry such as in ESI analysis of other types of
polymers [22, 45].
Figure 3. ESI mass spectra of sample E obtained (A) without the
addition of NaCl, (B) with the addition of NaCl, and (C) with the
addition of AgNO3.
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Figure 4A shows the ESI MS spectra of samples E
and F obtained by adding the same amount of Na1.
Both samples are mainly composed of one PO (m/z 5
271.4, 329.4, 387.4, etc.) and one EO (m/z 5 317.5, 361.5,
405.5, etc.) in the mass region of 200–500 Da, but
slightly differ in the relative abundance. The most
probable peaks (Mp) appear at m/z 5 361.5, which is in
agreement with the GPC results. It also clearly shows
that neither sample is EO/PO copolymer. An EO/PO
copolymer should display a unique distribution pattern
derived from a combination of certain numbers of EO
and PO. Both samples appear to be mixtures of EO and
PO. On the other hand, the major disparity between the
two samples lies in the mass region of 500–1000 Da (see
Figure 4B). Sample E displays one PO distribution
labeled as P in Figure 4B, whereas sample F has three
EO distributions with similar intensities labeled as E1,
E2, and E3.
To positively identify the major components of both
samples, MS/MS experiments were performed. Unfor-
tunately, sodiated or potassiated polyols of these sam-
ples do not fragment under low-energy collision-in-
duced dissociation (CID). This finding is consistent with
those reported by others on different polyols and using
ionization techniques other than ESI [46, 47]. However,
we recently found that silver cationization in ESI can be
used as a general method of producing high-quality
low-energy CID spectra for many different functional
polyols [48]. The signal-to-noise ratio and information
content in the MS/MS spectra of polyol-silver adduct
ions are often better than those of protonated species
[48]. We apply this method to these two samples. Figure
5 shows representative MS/MS spectra. Oligomer ions
at m/z 445–447 (see Figure 3C) were selected from major
EO distribution and oligomer ions at m/z 471–473 were
from the major PO distribution. Consecutive losses of
44 or 58 Da are found in the MS/MS spectra. It is clear
that two oligomer ions with the same nominal m/z’s
from samples E and F display almost identical fragmen-
tation patterns, indicating that they are from the same
species. The observed fragmentation patterns also indi-
cate that the end groups are likely attached to the
repeating units via ether or hydroxyl bonds, not ester
bonds [48]. Although the MS/MS results suggest that
these two samples contain common components, unam-
biguous structural identification of these components is
not possible. Nevertheless, for this particular applica-
tion, the results from ESI MS and MS/MS are sufficient
to conclude that samples E and F have different formu-
lations with the same major components. It turns out
that sample F is much more cost effective than sample
E.
It should be pointed out that regarding the relative
amount of the individual polymers in the mixture,
neither ESI spectra nor MALDI-TOF spectra could
provide such information. The overall analytical effi-
Figure 4. (A) ESI mass spectra of samples E and F obtained with
the addition of NaCl. (B) Expanded ESI mass spectra.
Figure 5. MS/MS spectra of selected oligomer ions at (A) m/z
445–447 and (B) m/z 471–473.
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ciency including ionization efficiency and ion suppres-
sion effect can be quite different for different polyols.
In conclusion, we illustrate that the techniques of
MALDI-TOF, ESI MS, and MS/MS have their unique
roles in characterizing low molecular weight polyols
and their mixtures. The combination of these techniques
can be very useful for solving real world problems in
polyol chemistry. The applications demonstrated herein
also call for further method development in the area of
structural characterization of polyols. This is required
for a complete deformulation of an unknown product.
Although ESI MS/MS is possible with silver cationiza-
tion and it provides useful information to compare two
unknown formulations, structural determination of an
unknown polyol based on mass spectrometry alone is
currently still difficult.
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